Sodium caseinate was modified by transglutaminase-catalyzed reaction in the presence of oligochitosan of 5 kDa at two different levels, aiming to generate two glycated and crosslinked caseinate products (GC-caseinate I and II) and to clarify their respective structure and property changes. Electrophoretic analysis with aid of protein and saccharide staining confirmed that both GC-caseinate I and II were glycated and crosslinked protein products, while high-performance liquid chromatrography analysis demonstrated that both GC-caseinate I and II contained glucosamine (12.8 and 30.8 g/kg protein, respectively). In comparison with sodium caseinate, GC-caseinate I and II also contained less reactable -NH 2 groups (0.50 and 0.52 versus 0.62 mol/kg protein), more -OH groups in their molecules, but they had more ordered secondary structure than sodium caseinate. In addition, GC-caseinate I and II showed higher water-binding capacity, larger hydrodynamic radius (173.9 and 168.2 versus 145.3 nm), and larger negative zeta-potential (-32.9 and -30.9 versus -27.6 mV) in aqueous dispersions, but they exhibited lower thermal stability (namely, greater mass loss) at temperature higher than 286ºC. Oligochitosan-glycated sodium caseinate at lower and higher extents was observed to be unfavorable and favorable to the in vitro digestibility of GC-caseinate I and II, respectively. It is concluded that application of transglutaminase and the oligochitosan can modify structure and property of sodium caseinate to generate new protein ingredients with good hydration and colloidal stability.
INTRODUCTION
Food scientists have focused their attention to the practical methods to improve the properties of food proteins in recent decades, as these properties usually exert great impacts on the quality of processed foods. [1] The structure of food proteins governs their properties. Structural modification of proteins via physical, chemical, and enzymatic treatment, thereof, is a direct way to improve protein's properties. Both chemical and enzymatic modifications of food proteins are powerful and practical, [2] such as saccharide attachment by the Maillard reaction, enzymatic crosslinking, and enzymatic hydrolysis. [3] Covalent attachment of saccharides into protein molecules (i.e., protein glycation) via the Maillard reaction is usually carried out in dry-state condition and endows proteins with improved functional properties, for example emulsifying properties. [4, 5] However, some disadvantages for this type of protein glycation exist, including difficult reaction control, the extended reaction time, and formation of mutagenic or colored products. [6] Covalent attachment of saccharides into proteins by enzymatic catalysis can overcome some of these disadvantages. Two potential enzymes for protein glycation are glycosyltransferases and glycosidases. [7] However, substrate specificity and low yield of trans-glycation are considered two limits. [8] Fortunately, transglutaminase (TGase; EC 2.3.2.13) might be an alternative selection to catalyze enzymatic protein glycation based on some recent reported investigations. [9] [10] [11] [12] TGase can catalyze acyl transfer reaction, in which γ-carboxyamide groups of the glutamine residues act as acyl donors, while the most common acyl acceptors are ε-amino groups of lysine residues and primary amino groups (-NH 2 ) of some naturally occurring polyamines. [13] Thus, TGase is able to induce protein crosslinking, and has been used widely to modify the properties of soy protein, myosin, gluten, globulin, and milk proteins. [14] Recently, TGase has been applied to generate glycated proteins via conjugating -NH 2 -containing saccharides (glucosamine and an oligochitosan of 1 kDa) into sodium caseinate, [10, 11] soy protein, [9, 15] and fish protein. [12] Glucosamine has -NH 2 groups, while oligochitosan comprises of glucosamine units. Both of them are acyl acceptors. TGase is capable of inducing protein crosslinking and saccharide attachment simultaneously. The generated products by this way are glycated and crosslinked proteins (GC-proteins) with modified properties. For example, both GC-soy protein and GC-caseinate have been observed to have improved waterbinding capacity and rheological properties. [9, 11] However, whether an oligochitosan with much larger molecular weight than that of the previous studies used can also be conjugated into food proteins by TGase, and more important, how this modification will bring about structure and property changes still remain unknown in the present time.
Caseinate (e.g., sodium caseinate) is one of the most used protein ingredients with good properties such as water-binding, gelation, emulsification, and others. Oligochitosan has been widely used in the fields like food and agriculture due to its applicable properties such as biocompatibility, biodegradability, and no toxicity. [16] In this study, TGase and an oligochitosan with molecular weight of 5 kDa were used to modify sodium caseinate. Two glycated and crosslinked caseinate products (namely, GC-caseinates) generated were assessed for their structure and property (i.e., levels of -OH groups, secondary structure, thermal stability, hydration, and aggregation). The aim of this study was to assess the structure and property changes of sodium caseinate induced by this modification, and the potential of GC-caseinates as protein ingredients.
MATERIAL AND METHODS

Materials and Chemicals
Caseinate (protein content of 89.1% on dry weight basis) was purchased from Beijing Aoboxing Bio-Tech Co., Ltd. (Beijing, China). Oligochitosan with declared deacetylation degree about 90% STRUCTURE AND PROPERTIES OF MODIFIED CASEINATES and average molecular weight of 5 kDa was purchased from Zhejiang Golden-Shell Pharmaceutical Co., Ltd. (Hangzhou, China). TGase was donated by Jiangsu Yiming Fine Chemical Industry Co., Ltd. (Qinxing, Jiangsu, China) with a measured activity of 110 units (U) per gram. All reagents used in high-performance liquid chromatography (HPLC) analysis were of HPLC grade. The buffers and solutions were prepared by using highly purified water generated from Milli-Q Plus system (Millipore, New York, NY, USA) and filtered through a 0.45 μm Millipore HA membrane. Other chemicals used were of analytical grade.
Glycation and Crosslinking of Sodium Caseinate
Sodium caseinate and oligochitosan were dispersed in water, followed by adjusting pH value to 7.5 using 2 mol/L NaOH to obtain the fixed concentrations of 50 and 100 g/L, respectively. The solutions of caseinate and oligochitosan were mixed at two volume ratios of 8:1 and 4:1, to achieve two respective caseinate-oligochitosan ratios of 4:1 and 2:1 (w/w), and then diluted to the fixed total concentration of 50 g/L. TGase was added at 10 U/g protein to the mixed solutions. Two reaction systems were held at 37ºC for 3 h with continuous agitation, followed by prompt heating to 85ºC for 5 min in a water bath to inactivate TGase and then cooling rapidly to an ambient temperature of 20ºC. Forthcoming treatment was the same as our previous study [17] to remove free oligochitosan via isoelectric precipitation and washing. The respective precipitates collected were dispersed in water, and neutralized to pH 7.0 using 2 mol/L NaOH. Two GCcaseinates were obtained, freeze-dried, heated at 50ºC overnight for complete drying, and named as GC-caseinate I (prepared with a caseinate-oligochitosan mass ratio of 4:1) and GC-caseinate II (prepared with a caseinate-oligochitosan mass ratio of 2:1), respectively. Sodium caseinate was also subjected to the same treatment as the GC-caseinates without the addition of TGase and oligochitosan, and used as a control for further study. All samples were sealed in plastic bags, and stored at -20ºC before using.
Chemical Analyses
Nitrogen content was assayed by the Kjeldahl method at a Kjeltec 2300 Protein Analyzer (Foss Tecator AB, Hoganas, Sweden), with a conversion factor of 6.38 to obtain protein content. [18] Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the samples as well as protein and saccharide staining were performed as per the study. [11] Oligochitosan amount conjugated into the two GC-caseinates was evaluated using the reversed phase-HPLC method, [19] and expressed as the amount of glucosamine (g) in protein fraction of 1 kg. The amount of reactable -NH 2 groups of the samples was assayed using the o-phthaldialdehyde (OPA) method, [15] and reported as the amount of -NH 2 groups (in moles) in protein fraction of 1 kg. For the two GC-caseinates, the amount of -NH 2 and nitrogen from the conjugated oligochitosan were obtained by HPLC analysis, and subtracted from the respective results to make correction for the measured reactable -NH 2 groups and protein contents of the samples.
Fourier Transform Infrared (FT-IR) and Circular Dichroism (CD) Analyses
The samples were measured at a Spectrum One FT-IR spectrometer (Perkin Elmer Inc., Norwalk, CT, USA) to obtain their FT-IR spectra. The spectra were recorded from 3600 to 400 1/cm by using 1 1/cm resolution and an accumulation of 64 scans, according to the reported method. [13] The samples used in FT-IR analysis were prepared using the pre-dried samples of 1 mg and KBr of 100 mg, respectively, to generate the compressed pellets.
Far-ultraviolet (UV) CD was used to examine secondary structure of proteins according to a reported method. [20] The samples of 0.1 g/L (in 10 mmol/L phosphate buffer, pH 7.0) were assayed at 25ºC using a Jasco J-810 spectropolarimeter (Jasco Corporation, Tokyo, Japan). The spectra were recorded using a 0.1 cm path length cuvette at a speed of 100 nm/min, a response time of 0.125 s, and a bandwidth of 1 nm. Mean residue ellipticity (θ) was expressed in deg cm 2 /dmol.
Thermogravimetric (TG) Analysis
TG analysis was carried out by using a SDT Q600 TG analyzer (TA Instruments Inc., New Castle, DE, USA). The samples were held at an ambient temperature of 20ºC for 24 h with a saturated NaCl atmosphere (relative humidity about 75.5%) prior to the analysis. During the TG analysis, the samples of 2 mg were weighed, and then heated from ambient temperature to 450ºC at 10ºC/ min under air atmosphere (100 mL/min). The temperatures responsible for the maximum degradation rates (T max ) of the samples at two stages (region I, ambient temperature to 105ºC; and region II, 105 to 450ºC), as well as the mass loss of the samples, were determined from the derivative TG (DTG) and TG curves, respectively.
Property Evaluation
Hydrodynamic radius and zeta-potential of the samples in dispersions (1.0 g/L in 10 mmol/L phosphate buffer, pH 7.0) were measured at 25ºC by dynamic light scattering, using the Zetasizer Nano-ZS90 (Malvern Instruments, Westborough, MA, USA). Sample dispersions of 3 mL were placed in a disposable sizing cuvette (1 cm path length) within the sample holder. The two indices were estimated by the respective Stokes-Einstein and Henry's equations. [21] Water-binding capacities (WBC) of the samples was assayed as per the method, [19] and expressed as the amount (grams) of water held in the samples on the basis of protein fraction of one gram. In vitro digestibility of the samples was assessed as per the study. [9] Trichloroacetic acid-soluble nitrogen released into the final supernatants from the pepsin and pepsin-trypsin digestion was diluted by water of four-fold volumes; after that, the diluted solutions were detected for their absorbencies at 280 nm by a spectrophotometer (UV-2401 PC, Shimadzu Co., Kyoto, Japan). The detected absorbencies were used to reflect in vitro digestibility of the samples.
Statistical Analysis
All experiments and analyses were carried at three times. All data were expressed as mean values or mean values ± standard deviations. The differences between the mean values of multiple groups were analyzed by one-way analysis of variance (ANOVA) with Duncan's multiple range tests by using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). MS Excel 2003 (Microsoft Corporation, Redmond, WA, USA) was used to report the data in the figures.
RESULTS AND DISCUSSION
Chemical Characteristics of GC-Caseinate I and II SDS-PAGE analysis (Fig. 1) shows that both GC-caseinate I and II contain protein polymers (Fig. 1a, lanes 3 and 4) and saccharide moieties (Fig. 1b, lanes 3 and 4) . It was thus proved that both GC-caseinate I and II were oligochitosan-glycated and crosslinked protein products, namely, TGase induced glycation and crosslinking of sodium caseinate. HPLC analysis further indicated that both GC-caseinate I and II were glycated, as they were detected to have respective glucosamine amount of 12.8 and 30.8 g/kg protein. At the same time, no glucosamine was detected in sodium caseinate. GC-caseinate II was prepared with lower caseinate-STRUCTURE AND PROPERTIES OF MODIFIED CASEINATES oligochitosan mass ratio of 2:1. Higher level of oligochitosan ensured itself much opportunity for being conjugated into sodium caseinate. GC-caseinate II thus had higher glucosamine content than GC-caseinate I prepared with higher caseinate-oligochitosan mass ratio of 4:1.
Meanwhile, OPA analysis results demonstrated that GC-caseinate I and II had reactable -NH 2 groups of 0.50 and 0.52 mol/kg protein, respectively, which were lower than that of sodium caseinate (0.62 mol/kg protein). During sample preparation, some ε-NH 2 groups of the lysine residues in sodium caseinate were blocked by the glutamine residues; therefore, the generated products GC-caseinate I and II should have decreased amount of -NH 2 groups. OPA analysis results supported that both GC-caseinate I and II were crosslinked proteins, and GC-caseinate I was much crosslinked than GC-caseinate II.
Two past studies reported that TGase could be used to conjugate glucosamine and oligochitosan of 1 kDa into sodium caseinate, resulting in glucosamine conjugation of 10.2 and 4.74 g/kg, respectively. [10, 17] The oligochitosan used in this study had larger molecular weight than glucosamine and the oligochitosan of 1 kDa; that is, the oligochitosan of 5 kDa contained more glucosamine units in the molecules. Both GC-caseinate I and II thus showed higher glucosamine amount than the two reported GC-caseinates. OPA analysis for reactable -NH 2 groups was applied in our previous study to reflect the crosslinking of soy protein, [15] while SDS-PAGE analysis were used to confirm TGase-induced glycation and crosslinking of two proteins. [9, 11] This study drew the same conclusion as these reported studies; sodium caseinate could be modified by TGase in the presence of the oligochitosan of 5 kDa to produce oligochitosanglycated and crosslinked caseinates.
Structural Characteristics of GC-Caseinate I and II
FT-IR analysis was used to reveal chemical characteristics of GC-caseinate I and II. IR spectra of GCcaseinate I and II shows some differences, compared with sodium caseinate (Fig. 2) . Both GC-caseinate I and II had greater absorption around 3300-3600 and 1050-1150 1/cm. The first absorption peak was assigned to the N-H stretching vibration and O-H stretching vibration, while the second one was [22] These results demonstrated that both GC-caseinate I and II contained more -OH groups in the molecules because of glycation of sodium caseinate by the oligochitosan of 5 kDa. Based on HPLC analysis, GC-caseinate I had lower oligochitosan conjugation than GC-caseinate II; therefore, it showed weaker absorption in the two regions.
Secondary structural features of sodium caseinate, GC-caseinate I and II are described by the obtained CD spectra (Fig. 3 ). In comparison with sodium caseinate, GC-caseinate I and II displayed different profiles in secondary structure. First, they showed weaker negative absorption around 200 nm (an indicator of disordered structure), suggesting that they had a less disordered secondary structure. Second, they exhibited stronger negative absorption around 215 and 220 nm, which indicated they had more β-sheet and α-helix structure. Third, they also had stronger negative absorption in the region of 220-230 nm, indicating that they possessed more β-turn structure. Overall, both GC-caseinate I and II had a more ordered secondary structure than sodium caseinate. Darewicz and Dziuba [23] found that glycation of β-casein by glucose was helpful to βturn formation, leading to an ordered secondary structure. Niu et al. [24] observed that glycation of 
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wheat germ protein with dextran favored α-helix formation but decreased random coil. Similarly, TGase-treated oat globulin showed increased β-sheet structure. [25] These studies indicated that protein glycation and crosslinking could result in an ordered secondary structure. Oligochitosanglycation and crosslinking thereof conferred GC-caseinate I and II with a more ordered secondary structure. Structure and properties of food proteins are highly correlated. [26] It is expected that both GC-caseinate I and II had modified structure, as results of introduction of hydrophilic -OH groups into molecules, protein crosslinking, and alteration of secondary structure; therefore, GCcaseinate I and II would have properties different from sodium caseinate.
Thermal Properties of GC-Caseinate I and II
The measured TG and DTG curves for the three samples are shown in Fig. 4a and 4b , respectively. Based on these curves, three samples had different thermal properties ( Table 1 ). All the samples exhibited similar behavior during TG analysis with two stages of mass loss. In region I (ambient temperature to 105ºC), three samples were heated without any breakage of the covalent bonds in the sample molecules. Mass loss in region I was mostly attributed to the lost water physically retained by the samples. In comparison with sodium caseinate, both GC-caseinate I and II absorbed more water (12.6-12.7% versus 8.3%), but they lost water at lower Regions I has a temperature range of ambient temperature to 105ºC, while regions II has a temperature range of 105 to 450ºC. T max1 and T max2 are the respective temperatures of the first and second DTG peaks (that is, the largest DTG values in regions I and II) shown in Fig. 4b . Different lowercase letters after the mean values in the same row as superscripts indicate significant differences (p < 0.05). temperature (T max1 , 38.2-38.7ºC versus 47.5ºC). In region II (105 to 450ºC), the samples were heated at higher temperature, which finally resulted in partial decomposition of the samples. The measured T max2 of sodium caseinate, GC-caseinate I and II were 291.5, 286.2, and 286.3ºC, respectively, demonstrating that both GC-caseinate I and II were less stable than sodium caseinate. At the same time, the measured mass loss of sodium caseinate, GC-caseinate I and II in region II were 52.1, 54.2, and 58.3%, respectively, proving different thermal stability of the samples again. Sodium caseinate and GC-caseinate II exhibited the highest and least thermal stability, respectively. Therefore, TG analysis demonstrated that the carried out modification conferred the products with lower thermal stability.
Saccharides at high temperature show lower thermal stability than proteins, as Grega et al. [27] had observed that potato starch gave higher mass loss than casein (94.3% versus 66.3%) in temperature ranging from 23 to 500ºC. Chitosan has a T max value of 277ºC; [16] this value was lower than the measured value of sodium caseinate (291.5ºC). Both GC-caseinate I and II were oligochitosan-glycated caseinates. The attached oligochitosan fraction thus conferred GC-caseinate I and II with higher sensitivity toward heating. It is reasonable that both GC-caseinate I and II showed lower thermal stability with lower T max2 and greater mass loss than sodium caseinate. A support came from the study of Cardoso et al., [28] who reported that a casein-maltodextrin conjugate via the Maillard reaction also showed higher mass loss than casein in a temperature range of 300-800ºC.
Other Properties of GC-Caseinate I and II
Hydrodynamic radius, zeta-potential, WBC, and in vitro digestibility of sodium caseinate, GCcaseinate I and II are exhibited in Table 2 and Fig. 5 , respectively. Based on these data, it is seen again that the modification caused property changes of sodium caseinate. The results in Fig. 5 show the three samples had different particle size distribution (PSD). The measured average hydrodynamic radius of sodium caseinate, GC-caseinate I and II in dispersions were 145.3, 173.9, and 168.2 nm, respectively (Table 2) . Clearly, oligochitosan glycation and crosslinking of sodium caseinate led to that both GC-caseinate I and II more able to form greater aggregates in dispersions; that is, larger hydrodynamic radius was detected in the measurement. Caseins can aggregate into micelles of 50-500 nm (average 150 nm). [29] TGase induces inter-micellar crosslinking of proteins, which therefore, brings about increased sizes of protein aggregates. [30] When TGase was used to treat the ultra-high temperature-treated milk, larger hydrodynamic radius and enhanced micellar stability were observed, and formation of intra-micellar iso-peptide bonds in milk proteins was responsible for the enlarged radius. [31] Similarly, both GC-caseinate I and II were crosslinked protein products by TGase with larger hydrodynamic radius and enhanced 
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aggregation than sodium caseinate. GC-caseinate I had slightly larger hydrodynamic radius than GC-caseinate II, because it was much crosslinked during preparation.
Zeta-potential provides information about the outer layer of the micelles and the role of electrostatics in the changed stability of the micelles. [32] The measured respective zeta-potentials of sodium caseinate, GC-caseinate I and II dispersions were about −27.6, −32.9, and −30.9 mV ( Table 2) . It is thus seen that the occurred modification conferred both GC-caseinate I and II with good colloidal stability. For TGase-induced protein crosslinking, acyl acceptors (ε-NH 2 groups of lysine residues) are blocked, resulting in reduced numbers of positive charges. Both GC-caseinate I and II thus had more negative values in their zeta-potentials than sodium caseinate. Zetapotential of whey protein isolate in dispersion of pH 7.0 was −27.0 mV, whilst that of a crosslinked counterpart by TGase was −30.4 mV. [33] The two values provided a direct support to the present measurement results.
Both GC-caseinate I and II showed better WBC than sodium caseinate (14.32 and 10.14 versus 5.62 g/g protein; Table 2 ), indicating that they could bind much water. At the same time, TG analysis ( Table 1 , region I) also evidenced this result. Hydrophilic saccharides attached into proteins could enhance WBC of the conjugates, [34] while TGase-induced protein crosslinking was also beneficial to WBC of caseinate. [17] The present results were consistent with the two reported ones.
GC-caseinate I and II were different when they were subjected to in vitro proteolytic digestion ( Table 2 ). In comparison with sodium caseinate, GC-caseinate I showed lower digestibility (0.385 versus 0.406 in pepsin digestion, or 0.956 versus 1.013 in pepsin-trypsin digestion), whereas GC-caseinate II exhibited higher one (0.438 versus 0.406 in pepsin digestion, or 1.042 versus 1.013 in pepsin-trypsin digestion). Crosslinked food proteins had lower digestibility. For example, the crosslinked soy protein isolate had lower in vitro digestibility due to its compact structure. [35] However, conjugation of saccharides into proteins is beneficial to their digestion; [36] for example, β-lactoglobulin-dextran conjugates via the Maillard reaction had enhanced digestibility. [37] GC-caseinate I was crosslinked protein with less glycation (glucosamine amount 12.8 g/kg protein), indicating lower digestibility than sodium caseinate. However, GC-caseinate II was also crosslinked protein but had greater glycation (glucosamine amount 30.8 g/kg protein), suggesting better digestibility than sodium caseinate. 
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CONCLUSIONS
Sodium caseinate could be modified by TGase in the presence of the oligochitosan of 5 kDa at two levels, to generate two oligochitosan-glycated and crosslinked caseinates with different glucosamine contents. The modification was observed to induce structure and property changes in the two products, reflected by several indices in comparison with sodium caseinate. The two products contained less reactable -NH 2 but more -OH groups, and they had more ordered secondary structure, much enhanced water-binding property, especially enlarged hydrodynamic radius as well as negative zeta-potential in dispersions. The two products also exhibited decreased thermal stability at temperatures higher than 286ºC. Increased glycation of sodium caseinate contributed to in vitro digestion. The two products might be served as potential protein ingredients with good hydration and colloidal stability.
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